Appreciation of the form of the retinal image depends upon a correspondence between the distribution of light on the retina and the distribution of activity among the fibers of the optic nerve. This correspondence may be studied directly by recording the activity in single optic nerve fibers in response to illuminating various parts of the retina.
is checked in every experiment by direct observation through a dissecting microsc0pe.l This optical system can provide a maximum intensity of illumination on the retina of 2. lo4 meter candles, which may be reduced to any desired value by means of Wratten "Neutral Tint" filters. Eyes from large frogs (R. catesbiana), and from a few alligators, were used in the present study.
In none of these experiments did the receptive fields of the fibers lie in or near the urea acuta of the retina; this paper is therefore concerned only with properties of the peripheral retina.
The preparations were always allowed 20 to 30 minutes for dark adaptation (at 25"C.), and observations were checked whenever possible to guard against slow changes in sensitivity.
RESULTS.
The sensitivity of different regions of the retina to light must be defined with respect to the particular optic nerve fiber which is under observation.
A spot of light in one location on the retina may elicit a vigorous discharge of impulses in an optic nerve fiber, but in a different location may produce no responses at all in this particular fiber. The distribution of sensitivity over the receptive field of a fiber may be determined by systematic exploration with a small spot of light, noting the responses elicited at various locations, and charting the boundaries of the region over which the spot is effective, at different intensities.
In figure 1 are given two examples.
Figure la was obtained with a fiber whose responses consisted of a burst of impulses when the light was turned on, sity (log I and an --0 0) .
.other burst upon turnin .g it off .2 At the highest intenthe exploring spot (50 p in diameter) would elicit responses if located anywhere within the outermost closed curve. The 1 Although sharply focussed, such a spot of light on the retina is always surrounded by a faint halo of scattered light. This is dbe chiefly to Tyndall scattering in the layers of the retina overlying the rods and cones (diffraction, and reflection and scatter from the surfaces of the optical system contribute only a small amount). The relative intensity of this halo has been estimated by direct observation in several fresh preparations.
A piece of gelatin neutral-tint filter was placed in the eye-piece of the dissecting microscope, just covering the image of the spot of light on the retina.
With a large spot of light (1 mm. square), filters of densities between 2.0 and 3.0 were necessary to reduce the intensity of the spot, seen through the filter, to match approximately the intensity of the halo of scattered light, seen over the edge of the filter.
Thus in nearly all cases the intensity of the halo, within a few microns of the edge of the spot, is 1 per cent or less of the spot intensity, and falls off rapidly with increasing distance from the edge of the spot.
2 It has been shown previously that different optic nerve fibers of the vertebrate eye give different kinds of discharges in response to illumination of the retina. In some of the fibers impulses are discharged steadily as long as the light shines; others give only a brief burst of impulses when the light is turned on, and again when it is turned off; still others respond only to turning the light off. The general characteristics of the receptive fields of different fibers, however, are essentially the same, regardless of their type of response.
dots mark locations at which the spot could just elicit a response, at this intensity.
For such locations on the boundary, both the "on" and the "off" bursts consisted of only one or two impulses, but locations inside the boundary gave rise to stronger discharges, and when the spot was located in the center of the region, vigorous bursts were obtained.
At a lower intensity (l/100 of the former: log I = -2.0) responses could be obtained only when the spot was located within the much smaller region enclosed by the innermost curve, and at this intensity the discharges of the contours of the receptive field of a fiber at two levels of intensity of exploring spot. Dots mark position8 at which exploring spot (50 p diameter) would just elicit discharge8 of impulses, at the intensity whose logarithm is given on the respective curve (unit intensity = 2.104 meter candles). No responses at log I = -3.0, for any location of exploring spot. This fiber responded only at "on" and "off."
b. Contour8 (determined by four points on perpendicular diameters) of receptive field of a fiber, at three levels of intensity (value of log I given on respective contours).
In this fiber steady illumination (log I = 0.0 and -2.0) produced a maintained discharge of impulses for locations of exploring spot within central shaded area; elsewhere discharge subsided in l-2 seconds. No maintained discharge in response to intensities less than log I = -2.0; no responses at all to an intensity log I = -4.6.
were very weak even when the spot was located in the center of the region. At a tenth of this intensity, log I = -3.0, no responses could be obtained for any location of the exploring spot whatever.
Figure lb is a chart of the receptive field of another fiber, which in this case was capable of a steady discharge of impulses, maintained as long as illumination lasted. As in the previous experiment, the brighter the exploring spot, the larger was the region over which it would elicit responses, and, at any given intensity, the responses were stronger the more nearly central the location of the exploring spot. Indeed, it was only for locations in the very center (cross-hatched region in fig. lb ) that the discharge would be maintained throughout an indefinitely long period of illumination.
Elsewhere it would subside and finally stop in a second or t,wo (cf. Hartline, lot. cit., fig. 6 ). At the lowest intensity represented in the figure (log I = -4.0) no maintained discharge could be obtained at all; the responses consisted of only a few impulses, and at $ of this intensity (log I = -4.6) no responses whatever could be elicited.
These experiments show that the sensitivity to light, referred to a particular optic nerve fiber, is not uniform over the fiber's receptive field. The central portion of the receptive field has a lower threshold and, at int,ensities above threshold, gives rise to stronger responses t,han the ou t,l ying areas. The sensitivity is thus maximal in the center, and falls off steadily with increasing distance from this center, to become inappreciable outside an area approximately one millimeter in diameter. Charts such as those of figure 1 are contour maps of this distribution of sensitivity. The faint halo of scattered light surrounding the exploring spot is a source of error in the construction of t!hese charts. However, at relatively low int,ensities (100 or even 1000 times the minimum threshold) this scattered light is of little consequence, and a map obtained at these intensities must closely approximate the actual distribution of sensitivity over the receptive field of the fiber under observation.
Factors other than the absolute int,ensity of the exploring spot affect the extent of the region from which responses in a given fiber can be elicited.
If the exploring spot is made smaller, its intensity must be increased if it is to be effective over as la,rge an area. But with this smaller spot the t,hreshold measured in the most sensitive central region is correspondingly increased.
It is the intensity relative to this minimum threshold which is significant in charting the distribution of sensitivity. Similarly, if t.he retina is not completelv dark adapt,ed, its level of sensitivity is decreased, and for a particular" fiber the thresholds in the center and on all the contours of its receptive field are increased proportionately. Receptive fields of different fibers must likewise be compared with due regard to their minimum thresholds, which may differ considerably.
The vertebratIe retina responds vigorously to small, sudden movements of the retinal image (Ishihara, 1904; Adrian and Matthews, 1927) . This may be observed in the responses of single optic nerve fibers, and is helpful'in determining the distribution of sensitivity in their receptive fields. Figure 2 shows records of the discharge in a fiber responding at "on" and "Off ." Although no impulses were discharged while the spot of light was shining steadily, a slight movement of it, of only a few microns in any direction, produced a short burst of impulses.
Responses to movement are stronger, within limits, the larger and more intense the moving spot, and the greater and the more rapid its displacement.
Responses to a slight, movement of a spot of light of given size and int#ensity can be elicited anywhere within the region over which this spot is effective in producing discharges when it is turned on or off. They are weak when the spot is near the boundary of this region, and stronger the more nearly central its location in the receptive field. Figure 3 shows the contour Fig. 2 witShin which a spot of light 50 p in diameter, about 100 times the minimum threshold, produced responses in a fiber responding to "off" only. The arrows show the limits, on two diameters, between which slight movements of this spot (ca. 20 p in ca. 0.05 sec.) would elicit bursts of impulses.
Outside of these limit,s no responses to movement could be obtained, no mat)ter how great or how rapid the displacements. It is characteristic of a fiber which responds only to "off" that it also responds only to movements of the spot away from the center of its receptive field.
Bursts of impulses are also elicited in response to movement of a shadow on the uniformly illuminated ret,ina. A slight, sudden movement of a narrow band of shadow produces responses if it falls across the receptive field of the fiber under observation, and these responses can be elicited over a region many times wider than t,he shadow itself.
To show this, all diaphragms were removed from the optical system, and a fine wire was stretched across the beam. This yielded a circular patch of light on the retina, 4 mm. in diameter, across which was a band of shadow 20 p wide.
In the experiment, of figure 3 the limits within which slight movements of this shadow produced responses are indicated by the vertical lines, A and B. If the shadow was near either of these limits the responses to its movement were weak, as shown in the upper and the lower records of figure 4, while if it fell across the center of t,he sensitive region the same amount of displacement elicited stronger bursts of impulses (middle record of fig. 4 ). Responses to movement of a shadow arc elicited regardless of the direction of the motion, both in the fibers responding to "on" and "off" and in those responding to "off" only.
From these experiments it, is evident that the receptive field of an optic nerve fiber from the peripheral retina covers an area much greater than Fig. 4 that occupied by a single receptor cell. The receptor elements are small, even compared to the exploring spot used in these experiments; consequently, if illumination of but one rod or cone gave rise to the responses in a given optic nerve fiber, charts such as figure 1 would be faithful representations of the distribution of light associated with the exploring spot.
Direct observation of this spot on the retina showed that it was small and sharply focussed, with a halo of scattered light at most only & as intense as the spot itself. Yet this spot, at intensities only 4 to 10 times the minimum thresholds for the various fibers, elicited responses over regions many times its own diameter.
The observed distributions of sensitivity, with broad maxima several tenths of a millimeter in diameter, in no way resembled the minute exploring spot, only 50 p in diameter, as they would have if only a single receptor cell had been responsible for the excitation of each optic nerve fiber. Likewise, high sensitivity to slight movement of the spot was not found to be restricted to regions as small as the stimulus spot itself.
Finally, the use of the narrow band of shadow upon the uniformly illuminated retina definitely rules out possible effects of scattered light.
The sensitivity to slight movements of this shadow, over a region many times its width, offers conclusive proof that many receptor cells are concerned in the excitation of a single optic nerve fiber.
A retinal ganglion cell, therefore, can receive excitatory influences over many convergent pathways; its axon is the final common path for nervous activity originating in many sensory elements.
This, of course, is in keeping with the known anatomical organization of the vertebrate retina. It furnishes the functional basis for the spatial effects in the vertebrate retina, observed in experiments on the whole optic nerve by Adrian and Matthews (1927, 1928) . They found that the latency of the optic discharge was shorter the greater the area of the retina illuminated, and attributed this to summation of the excitatory effects due to activity in convergent retinal pathways.
It is worthy of note that this spatial summation was limited to retinal distances of approximately 1 mm., which is the order of magnitude of the diameter of the receptive fields of the single optic nerve fibers.
Moreover, the spatial effects were smaller the greater the retinal distances, in keeping with the diminished effectiveness of the outlying regions of the receptive fields. This diminished effectiveness may be ascribed to a smaller number of receptor elements in a unit area that are in connection with a given retinal ganglion cell, or to a less effective transfer of nervous activity over the longer and less direct pathways from the margins of the receptive field.
The receptive fields of different fibers may overlap considerably (Hartline, lot. cit.).
Consequently, illumination of a single point on the retina can produce activity in many different fibers, and illumination of two discrete points may produce activity in many fibers in common.
It is for this reason that fine detail cannot be resolved by the peripheral retina. From the standpoint of visual function, it is necessary to consider the distribution of activity among the different fibers of the optic nerve, elicited by illumination of a particular small element of area on the retina.
A bundle containing a number of active optic nerve fibers may be used to sample this distribution.
If not too many fibers are present, it is possible to distinguish the activity in the different ones by means of the loud speaker and the cathode ray oscilloscope.
When the responses in such a bundle are tested it is at once apparent that many fibers are excited by a small spot of light (50 1-1 in diameter), even at intensities close to threshold. Certain of the fibers respond vigorously to the light; these are the ones whose receptive fields are centered close to the stimulus spot. Others give only feeble responses; these either have higher thresholds, or are fibers whose receptive fields are centered at some distance from the stimulus spot, which consequently falls in the less sensitive peripheries of their fields. When the spot of light is tested in a slightly different location on the retina, it is strikingly evident that the composition of the response is changed. Fibers which had been active cease responding, new fibers come into play, fibers which had given strong responses give weak ones, and some of those which had only given slight discharges dominate the response.
It is evident that illumination of a given element of area on the retina results in a specific pattern of activity in a specific group of optic nerve fibers. The particular fibers involved, and the distribution of activity among them, are characteristic of the location on the retina of the particular element of area illuminated.
Corresponding to different points on the retina are different patterns of nerve activity; even two closely adjacent points do not produce quite the same distribution of activity, although they may illuminated spots excite many fibers in common. The are separated the fewer fibers will be more widely two involved in common, but it is reasonable to suppose that it is only necessary to have two recognizable maxima of activity in order to resolve the separate spots. It is this spatial specificity of groups of optic nerve fibers, and of the distribution of activity among them, that furnishes the basis for distinguishing the form of the retinal image.
SUMMARY
The region of the retina which must receive illumination in order to elicit a discharge of impulses in a particular optic nerve fiber is termed the receptive field of that fiber. Characteristics of the receptive fields of individual optic nerve fibers from the peripheral retinas of cold-blooded vertebrates (frog, alligator) have been investigated by recording the action potentials in single fibers in response to illuminating various parts of the retina. In several experiments the distribution of sensitivity over the receptive field of a particular fiber has been determined by systematic exploration of the retina with a small spot of light, noting the responses elicited in the fiber at various locations, and charting the boundaries of the region over which the spot is effective, at various intensities.
The sensitivity to light, referred to a particular optic nerve fiber, is maximal over the central portion of the fiber's receptive field, where the threshold is lower than in the outlying areas, and where intensities above threshold give rise to the strongest responses.
The sensitivity is less the greater the distance from this central region, and is usually inappreciable outside an area about one millimeter in diameter.
Contour maps of the distribution of sensitivity are given for two examples. Single optic nerve fibers (of the types responding to '(on" and "off," and to "off" only) respond to sudden, slight movements of an illuminated spot, or of a band of shadow on the uniformly illuminated retina, if the moving spot or shadow falls within the receptive field of the fiber. Movements of only a few micra of a small spot or a narrow shadow can elicit responses in a particular optic nerve fiber over a retinal region several tenths of a millimeter in diameter-many times the width of the spot or shadow.
These experiments prove that the receptive field of an optic nerve fiber from the peripheral retina covers an area much greater than that occupied by a single rod or cone. A retinal ganglion cell, therefore, can receive excitatory influences over many convergent pathways; its axon is the final common path for nervous activity originating in many sensory elements.
This finding furnishes the functional basis for the spatial effects observed in the peripheral vertebrate retina.
Action potentials recorded from small bundles containing many active optic nerve fibers show that a single small spot of light excites many fibers: the receptive fields of different fibers overlap considerably. The particular fibers activated, and the distribution of activity among them, is characteristic of the location on the retina of the particular element of area illuminated.
This spatial specificity of groups of optic nerve fibers, and of their patterns of activity, furnishes the basis for distinguishing the form of the retinal image.
